Bacillus subtilis encodes three proteins homologous to the flagellar hook protein 46 from Salmonella enterica. Here we generated a modified B. subtilis hook protein 47 that could be fluorescently stained using a cysteine reactive dye. We used the 48
INTRODUCTION(27). Loss of FliK and particular alleles of FlhB result in elongated hook structures 78
called polyhooks and the cells fail to produce a flagellar filament (27, 63, 67) . 79
FliK is thought to act as a molecular ruler in which the length of the FliK primary 80 sequence is proportional to the length of the hook (17, 34, 55). Prior to hook completion, 81
FliK is secreted intermittently through the basal-body rod and the nascent hook structure 82 (17, 48, 49) . When the hook-basal body is the length of the extended FliK protein, the 83
FliK N-terminus interacts with the hook cap, the middle section occupies the secretion 84 channel, and the FliK C-terminus interacts with FlhB in the cytoplasm (34, 51, 52, 55). 85
Interaction with FliK activates autoproteolysis of FlhB to cause a switch in the substrate 86 specificity of the secretion apparatus (19, 20, 52, 71). After specificity has been 87 switched, the secretion apparatus becomes proficient for the secretion of late class 88 flagellar proteins. 89
One of the earliest proteins secreted after the substrate specificity switch is the 90 negative regulator FlgM (23). FlgM is an anti-sigma factor that directly binds to and 91 antagonizes the activity of the alternative sigma factor σ 28 (aka σ The Gram-positive bacterium Bacillus subtilis is motile and encodes many 99 flagellar structural proteins in the 31-gene fla/che operon but their putative functions are 100 erythromycin resistance cassette (62). The plasmid pDP306 was introduced to PY79 by 168 single cross-over integration by transformation at the restrictive temperature for plasmid 169 replication (37°C) using mls resistance as a selection. The integrated plasmid was then 170 transduced into 3610. To evict the plasmid, the strain was incubated in 3ml LB broth at a 171 permissive temperature for plasmid replication (22˚C) for 14 hours, diluted 30-fold in 172 fresh LB broth, and incubated at 22˚C for another 8 hours. Dilution and outgrowth was 173 repeated 2 more times. Cells were then serially diluted and plated on LB agar at 37˚C. 174
Individual colonies were patched on LB plates and LB plates containing mls to identify 175 mls sensitive colonies that had evicted the plasmid. Chromosomal DNA from colonies 176 that had excised the plasmid was purified and screened by PCR using primers 1483/1486 177 to determine which isolate had retained the ΔflgE allele. 178
To generate the ΔflhO in-frame marker-less deletion construct pKB114, the region 179 upstream of flhO was PCR amplified using the primer pair 1850/1524 and digested with 180
EcoRI and SalI, and the region downstream of fliK was PCR amplified using the primer 181 pair 1525/1526 and digested with SalI and BamHI. The two fragments were then 182 simultaneously ligated into the EcoRI and BamHI sites of pMiniMAD. pKB114 was 183 integrated into B. subtilis PY79 genome, transduced to strain 3610, and evicted as 184 described above. Colonies were screened by PCR using primers 1850/1524 to determine 185 which isolate had retained the ΔflhO allele. 186
To generate the ΔflhP in-frame marker-less deletion construct pCC12, the region 187 upstream of flhP was PCR amplified using the primer pair 2347/2348 and digested with 188
EcoRI and BamHI, and the region downstream of fliK was PCR amplified using the 189 primer pair 2349/2350 and digested with BamHI and SalI. The two fragments were then 190 simultaneously ligated into the EcoRI and SalI sites of pMiniMAD. pCC12 was 191 integrated into B. subtilis PY79 genome, transduced to strain 3610, and evicted as 192 described above. Colonies were screened by PCR using primers 2347/2350 to determine 193 which isolate had retained the ΔflhP allele. 194
To generate the ΔfliK in-frame marker-less deletion construct pKB93, the region 195 upstream of fliK was PCR amplified using the primer pair 1387/1388 and digested with 196
EcoRI and XhoI, and the region downstream of fliK was PCR amplified using the primer 197 pair 1389/1390 and digested with SalI and BamHI. The two fragments were then 198 simultaneously ligated into the EcoRI and BamHI sites of pMiniMAD (XhoI and SalI 199 have compatible ends). pKB93 was integrated into B. subtilis PY79 genome, transduced 200 to strain 3610, and evicted as described above. Colonies were screened by PCR using 201 primers 1387/1390 to determine which isolate had retained the ΔfliK allele. 202
To generate the ΔflgD in-frame marker-less deletion construct pDP328, the region 203 upstream of flgD was PCR amplified using the primer pair 2033/2034 and digested with 204 To generate the P D3 P fla/che -fliK complementation construct pCC14, the P D3 P fla/che 227 promoter was amplified using primer pair 2015/2016 and was digested with EcoRI and 228
XhoI. The fliK region was amplified using primer pair 2535/2536 and was digested with 229
XhoI and BamHI. The two fragments were ligated simultaneously into the EcoRI and 230
BamHI sites of pDG364. 231
To generate the P flhO -flhO complementation construct pCC7, the flhO gene and 232 DNA immediately upstream was amplified using primer pair 1251/1681. The PCR 233 product was digested with EcoRI and BamHI and cloned into the EcoRI and BamHI sites 234 of pDG1664 containing the polylinker and the erytrhomycin resistance cassette between 235 the arms of the thrC gene (25). 236
To generate the P flhO -flhP complementation construct pCC13, the P flhO promoter 237 was PCR amplified using primer pair 1251/2344, and the flhP gene was amplified using 238 primer pair 2344/2345. The P flhO containing PCR product was digested with EcoRI and 239
XhoI, the flhP containing product was digested with XhoI and BamHI, and the two 240 digested fragments were cloned simultaneously into the EcoRI and BamHI sites of 241 pDG364. 242
To generate the P D3 P fla/che -flgD complementation construct pDP403, the P D3 P fla/che 243 promoter was amplified using primer pair 2460/2461 and was digested with EcoRI and 244
XhoI. The flgD region was amplified using primer pair 3163/3164 and was digested with 245
XhoI and BamHI. The two fragments were ligated simultaneously into the EcoRI and 246
BamHI sites of pDG364. 247
LacZ reporter constructs: To generate the β-galactosidase (lacZ) reporter 248 construct pCC1, the P flhO promoter region was PCR amplified using 3610 DNA as a 249 template and primer pair 1251/1252. The PCR product was digested with EcoRI and 250
BamHI and cloned into the EcoRI and BamHI sites of plasmid pDG268, which carries a 251 chloramphenicol-resistance marker and a polylinker upstream of the lacZ gene between 252 two arms of the amyE gene (4). 253
To generate the native site lacZ integrant flhPΩlacZ cat pDP405, the flhP gene 254 was PCR amplified using 3610 DNA as a template and primer pair 3210/3211. The PCR 255 product was digested with EcoRI and BamHI and cloned into the EcoRI and BamHI sites 256 of plasmid pEX44 which carries chloramphenicol-resistance marker and a polylinker 257 upstream of the lacZ gene. Recipient cells were grown to stationary phase in 2 ml TY broth at 37°C. 0.9 ml 272 cells were mixed with 5 µl of SPP1 donor phage stock. 9 ml of TY broth was added to 273 the mixture and allowed to stand at 37°C for 30 minutes. The transduction mixture was 274 then centrifuged at 5,000 x g for 10 minutes, the supernatant was discarded and the pellet 275 was resuspended in the remaining volume. 100 µl of cell suspension was then plated on 276 TY fortified with 1.5% agar, the appropriate antibiotic, and 10 mM sodium citrate. 277 β-Galactosidase assay. Cells were harvested from cultures growing at 37˚C in 278 LB broth. Cells were collected in 1 ml aliquots and suspended in equal volume of Z 279 buffer (40 mM NaH 2 PO 4 , 60 mM Na 2 HPO 4 , 1 mM MgSO 4 , 10 mM KCl and 38 mM 2-280 mercaptoethanol). Lysozyme was added to each sample to a final concentration of 0.2 mg 281 ml -1 and incubated at 30˚C for 15 min. Each sample was diluted in Z-buffer to a final 282 volume of 500 µl and the reaction was started with 100 µl of 4 mg ml England Biolabs) and incubated for overnight with gentle rocking at 4°C. The 294 resin/lysate mixture was poured onto a 1 cm separation column (Bio-Rad), the resin were 295 allowed to pack and was washed with Column Buffer. MBP-FlgE fusion protein bound to 296 the resin was then eluted using Column buffer supplemented with 10mM Maltose. 297
Elutions were separated by SDS-PAGE and Coomassie stained to verify purification of 298 the MBP-FlgE fusion, and pure fractions were dialyzed into Dialysis buffer (300mm 299 NaCl, 0.5mM EDTA, 10% Glycerol, 50mM Na 3 PO 4 ) and stored at -20°C. 300
FlgE antibody preparation. B. subtilis strains were grown in LB to OD 600 ~1.0, 1 ml 305 was harvested by centrifugation, and resuspended to 10 OD 600 in Lysis buffer (20 mM 306
Tris pH 7.0, 10 mM EDTA, 1 mg/ml lysozyme, 10 μg/ml DNAse I, 100 μg/ml RNAse I, 307 1 mM PMSF) and incubated 30 minutes at 37°C. 10 μl of lysate was mixed with 2 μl 6x 308 SDS loading dye.
Samples were separated by 12% Sodium dodecyl sulfate- To confirm that the loss-of-motility phenotypes resulted from the absence of the 329 putative hook proteins, each individual gene was restored by complementation (Fig. 1B) . 330
To complement the flgE mutation, the flgE gene was fused to the P D-3 P fla/che promoter of 331 the fla/che operon and inserted at the ectopic amyE site (amyE::P D-3 P fla/che -flgE) (18, 70) . 332
To complement the flhO mutation, the flhO gene and 500 base pairs immediately 333 upstream (P flhO ) was inserted at the amyE site (amyE::P flhO -flhO). The flhP gene 334 appeared to be part of an operon with flhO, and to complement the flhP mutation, the flhP 335 gene was fused to the P flhO promoter region and inserted at the amyE site (amyE::P flhO -336 flhP). In each case, introduction of the complementation construct restored wild type 337 swarming motility to the strain mutated for the corresponding gene (Fig. 1C) . We 338 conclude that each mutation resulted in a loss of motility due to the disruption of the 339 on January 1, 2018 by guest http://jb.asm.org/ indicated gene and that the phenotype was not due to polar effects on downstream gene 340 expression. We further infer that the region upstream of the flhO gene contains a 341 promoter sufficient for expressing the flhO and flhP genes. 342
In E. coli and S. enterica, completion of the flagellar hook is required to assemble 343 the flagellar filament. To determine whether mutation of the putative hook proteins 344 affected filament assembly, flagellar filaments were stained with a cysteine-reactive dye 345 in a strain expressing the flagellar filament protein Hag with a cysteine residue 346 introduced on an exposed surface (amyE::P hag -hag T209C ) (8). Wild type cells expressing 347 the modified filament produced many flagella on the cell surface ( Fig. 2A) . In contrast, 348 cells mutated for flgE, flhO, or flhP failed to synthesize detectable filaments ( Fig. 2A) . (Fig. 3A) . The 364 flagellin found in the supernatant was unlikely the result of premature cell lysis as the 365 cytoplasmic σ A protein was undetectable (Fig. 3B) . Finally, no flagellin was detected in 366 the supernatants of the flgE, flhO, or flhP mutants suggesting that the reduction of 367 flagellin in cell pellets was not due to secretion of flagellin into the supernatant (Fig 3A) . 368
We conclude that mutation of any of the putative hook components results in a dramatic 369 reduction in total flagellin protein level. 370
Flagellin protein levels may be reduced due to a reduction in flagellin gene 371 expression. To measure flagellin gene expression, the promoter of flagellin (P hag ) was 372 fused to the gene encoding yellow fluorescent protein and inserted at an ectopic site 373 (amyE::P hag -YFP). Cells mutated for flgE, flhO, or flhP appeared to express YFP at a 374 level lower than that of wild type and the cells grew in short chains (Fig. 4) . Chaining 375 may result from a decreased expression of the LytF cell-separating autolysin, which like 376 flagellin, is expressed by the alternative sigma factor σ D (12, 46). To measure LytF 377 expression, the promoter of LytF (P lytF ) was fused to the gene encoding cyan fluorescent 378 protein and inserted at an ectopic site (thrC::P lytF -CFP). Cells mutated for flgE, flhO, 379 and flhP appeared to express CFP from P lytF at an undetectable level (Fig. 4) . We 380 conclude that mutation of the putative hook proteins reduces the expression of both the 381 flagellin and LytF promoters uniformly in the population and likely acts at the level of 382 the σ D sigma factor. 383
The sigma factor σ D is known to be antagonized by binding directly to the anti-384 sigma factor FlgM (7). To determine whether FlgM was antagonizing σ and P lytF 10-fold relative to wild type (Fig. 5) . Furthermore, expression was restored to 389 levels above that of the wild type by the deletion of the gene encoding FlgM (Fig. 5) . We 390 conclude that σ we generated a strain to visualize the flagellar hook by introducing a cysteine residue on 396 an exposed surface of a hook protein such that the hook could be labeled with fluorescent 397 cysteine-reactive dye. We chose the FlgE protein for modification as previous work 398 suggested that FlgE was substantially more abundant than either FlhO or FlhP in flagellar 399 hook preparations (39). To identify candidate residues, the primary sequences of FlgE 400 from B. subtilis and S. enterica were aligned, and surface-exposed serine and threonine 401 residues were predicted by mapping on to the S. enterica FlgE three-dimensional 402 structure (22, 64). Threonine at position 123 was predicted to be surface exposed and 403 site-directed mutagenesis was used to replace the residue with a cysteine (FlgE T123C ) in 404 the flgE complementation construct (amyE::P D-3 P fla/che -flgE T123C ) (Fig. 1A) . The 405 ectopically integrated flgE T123C complementation construct was functional and restored 406 swarming motility to a ΔflgE deletion mutation (Fig. 1C) . Furthermore, fluorescence 407 microscopy of the flgE T123 allele introduced as a merodiploid to wild type cells resulted in 408 a faint punctate staining pattern when the cysteine-reactive dye was added (Fig. 2B) . 409
Stronger fluorescence was detected in a ΔflgE mutant complemented by the ectopic 410 flgE T123C presumably due to the lack of competition between the stainable and wild type 411 allele. We conclude that FlgE T123C was functional for supporting motility and could be 412 fluorescently stained. 413
The puncta observed when staining the FlgE T123C allele may represent flagellar 414 hooks but hooks are short and the curved shape is below the limit of resolution for 415 fluorescence microscopy. To increase the size the flagellar hooks, we mutated the 416 putative hook length regulator FliK because S. enterica fliK mutants fail to limit hook 417 length resulting in elongated "polyhooks" (27). An in-frame marker-less deletion of B. 418 subtilis fliK (Fig. 1B) abolished swimming and swarming motility (Fig 1C) , abolished 419 flagellar filament assembly ( Fig. 2A) , reduced flagellin protein levels (Fig 3A) , and 420 reduced σ background, elongated structures consistent with polyhooks were observed (Fig. 2B, Fig.  424 S1). We conclude that FlgE T123C puncta represent flagellar hooks, that FlgE is a primary 425 component of the hook structure, and FliK in B. subtilis is a hook length regulator. 426
To determine the roles of FlhO and FlhP in hook assembly, the FlgE T123C allele 427 was introduced to ΔflhO ΔflgE or ΔflhP ΔflgE double mutants. No puncta were observed 428 when either strain was fluorescently labeled suggesting that both FlhO and FlhP were 429 required for assembly of the hook (Fig 2B) . One way in which assembly of the hook 430 could be abrogated is by a reduction in the amount of FlgE protein synthesized. To 431 measure FlgE protein levels, cell pellets of the wild type and various mutants were 432 harvested. Lysates from each pellet were resolved by SDS-PAGE, electroblotted, and 433 probed with an anti-FlgE antibody in Western blot analysis. Whereas FlgE levels were 434 high in the wild type and fliK mutant pellets, FlgE was severely reduced in the flhO and 435 flhP mutant backgrounds (Fig 3C) . Instead, FlgE was found in high levels secreted into 436 the supernatant in the flhO and flhP mutants relative the other backgrounds (Fig 3C) . We 437 conclude that FlgE is secreted but not polymerized in the absence of FlhO and FlhP. (Fig. 1B ). An in-frame markerless deletion of 443 flgD abolished motility and was ectopically complemented by inserting the flgD gene 444 fused to the P D-3 P fla/che promoter at the ectopic amyE site (amyE:: P D-3 P fla/che -flgD) (Fig  445   1B, 1C) . Like other mutants defective in hook completion, the flgD mutant grew in short 446 chains (Fig 4) , and showed a 10-fold reduction in σ D -dependent gene expression that was 447 dependent on FlgM (Fig 5) . Furthermore, the flgD mutant secreted FlgE hook protein 448 abundantly into the supernatant as had been observed with S. enterica flgD mutants ( encoded an ectopically integrated FlgE T123C allele was stained with a maleimide dye and 452 observed by fluorescence microscopy, fluorescence was observed as a haze over the cell 453 with occasional puncta (Fig 2B) . If the puncta represent hooks, we infer that the hooks 454 on January 1, 2018 by guest http://jb.asm.org/ Downloaded from fail to be functionally complete as the flgD mutant was defective in assembling flagellar 455 filaments (Fig 2A) . We conclude that FlgD is required for hook completion. filament biosynthesis due to the fact that hag is under exclusive σ D control ( Fig. 2A) (12, 475 53). When a sigD mutant encoding the FlgE T123C allele was stained for fluorescence 476 microscopy, faint puncta could be detected (Fig. 2B) . Likewise, near wild type levels of 477 on January 1, 2018 by guest http://jb.asm.org/
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FlgE protein were found in the cell pellet of a sigD mutant (Fig 3) . We conclude that σ Miller units of activity was detected. We conclude that a σ D independent promoter is 489 present upstream of flhP and we infer that the low level of expression from this promoter 490 is sufficient to support hook assembly in a sigD mutant. We infer that it is important for 491 cells to be able to complete hook assembly by a σ importance, the hook has been relatively poorly studied in B. subtilis, and three different 503 proteins that are homologous to the hook structural subunit of S. enterica are encoded in 504 the B. subtilis genome. Here we introduce a unique cysteine residue into the FlgE 505 primary sequence such that FlgE could be fluorescently labeled: an approach that has 506 proved successful for labeling the filament (8, 68). We found that FlgE formed hooks 507 that appeared as puncta when stained for fluorescent microscopy and we support the 508 inference that FlgE is primary hook structural subunit (39). Furthermore, we used hook 509 staining to demonstrate that FliK was the B. subtilis hook length regulator and that the 510 FlgD hook cap and the FlgE homologs of unknown function, FlhO and FlhP, were 511 required for hook assembly. 512
The gene predicted to encode FliK in B. subtilis was shown to control flagellar 513 hook length because when fliK was mutated, long FlgE-containing structures resembling 514 polyhooks were observed (Fig 2B, Fig S1) . FlhP (Fig. 6) . In the first model, FlhO and FlhP form the distal rod (Fig 6A) and FlhO and FlhP are required for hook synthesis, we found that a sigD mutant was 576 nonetheless proficient for forming flagellar hooks (Table 2 , Fig 2B) . The ability to form 577 hooks in the absence of σ D is likely due to a low level of flhO and flhP transcription 578 originating from an upstream promoter or incomplete termination of transcript from the 579 upstream gene, mbl (Table 2) . Sub-optimal expression of FlhO and FlhP may account for 580 the faint FlgE T123C puncta and the enhanced secretion of FlgE into the supernatant of the 581 sigD mutant (Fig 2A, Fig 3) . Furthermore, low levels of FlhO and FlhP may be sufficient 582 for hook completion as the two proteins were present in purified hook-basal bodies at low 583 abundance (39). The role of σ D amplified expression of the flhO and flhP then may be to 584 create a positive feedback loop for the antagonism of FlgM: the more hooks that are 585 completed, the more FlgM is antagonized, and the more hooks are made. Similarly, we 586 note that a σ 
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